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The R~le of Calcium in the Coagulation Process 
Two problems with respect to the action of Ca in coagulation are of 
particular interest:  Is calcium an intrinsic part of thrombin;  and  (2) 
is calcium an intrinsic part of fibrin?  Thrombin is not formed from 
prothrombin unless Ca is present, but as in the case of cephalin, there 
is some difference of opinion as to whether the calcium actually com- 
bines with prothrombin to form thrombin  (Pekelharing  (quoted  from 
Morawitz),  Morawitz,  Herzfeld  and  Klinger)  or whether  it  merely 
accelerates the transformation.  According to Loucks and  Scott, the 
addition of citrate or oxalate to thrombin results in a complete loss of 
activity.  This,  however, we have been  unable  to  verify.  The  cal- 
cium in  a  solution of horse thrombin  may be precipitated  quantita- 
tively with oxalate without  affecting the  coagulating  activity of the 
preparation  (Protocol 1). 
Protocol 1.  Showing  That the Addition of Oxalate or Citrate to Horse Thrombin 
Does not Result in Loss of Activity.--Thrombin was prepared from horse plasma as 
described on page 534: to the solution  was then  added  1/20 volume of 0.5 
sodium oxalate, a fourfold excess  as compared with the amount of CaC12  originally 
present.  Mter 20 minutes, the precipitate was centrifuged at high speed and the 
supernatant fluid carefully decanted and drained. 
Serial quantities of the supernatant fluid were added to 1 cc. of citrated solution 
of horse  fibrinogen, and  the  coagulation  times  noted.  A  typical  experiment 
follows: 
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Thrombin, cc.,addedtolcc, fibrinogen... I  0.2  0.1  0.05  0.025  0.0125  0.0062 
Coagulation time with untreated throm- 
bin ................................  7  13  23  60 
Coagulation time with oxalated thrombin.]  7½  15  30  65 
Loss  in activity caused  by adding oxalate to thrombin solution =  < 10 per cent. 
The precipitate was washed  once  with cold water acidified  with CO2 to minimize 
re-solution of the Ca-oxalate, redissolved in hot H~S04, and the free oxalic acid 
titrated in the usual manner with KMnO4.  The amount of Ca recovered in the 
precipitate was, within the limits of experimental error, exactly that originally 
added to the prothrombin solution: 
Ca added to 10 cc. prothrombin solution: 0.5 cc. 0.1 ~t CaCI2  --- 0.00005  mole 
Ca recovered as Ca oxalate  0.000049 mole 
0.000053 mole. 
It should be pointed out that the results of Protocol 1 do not exclude 
the possibility that thrombin is some sort of a  Ca compound, either 
an ionized compound present in such minute molecular concentration 
as  not  to  exceed the solubility product  of calcium oxalate  (e.g.  < 
0.00001  xt Ca)  or,  present  as  a  complex  salt  with  a  dissociation 
constant even less than that of Ca-oxalate or Ca-citrate.  The experi- 
ment of Rabinovich, although as yet unconfirmed, is interesting in this 
connection.  According to this investigator, electrodialyzed thrombin 
clots oxalated plasma, but fails to clot electrodialyzed plasma unless 
Ca  salt is  added,  indicating that  the  minute quantity of ionic  Ca 
present in the oxalated plasma suffices to activate the formed throm- 
bin, but that Ca is nevertheless essential for the thrombin-fibrinogen 
reaction.  In summary, it is an open question whether Ca is an in- 
trinsic part of the thrombin,  t 
Much more conclusive data are available with respect to whether 
calcium is an intrinsic part of fibrin.  Hammarsten had always main- 
tained that fibrin was not a Ca-protein compound, and cited conclusive 
analytical data  to  prove  his point.  Recently  however,  Mills  and 
Guest have revived the suggestion of Arthus and Pages that such was 
the case, that calcium present in thrombin  solutions  combined stoi- 
chiometrically with fibrinogen to form fibrin. 
1  WShlisch and Paschkis seem to have disproved the contention of Vines that 
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The quantitative relationships here presented seem to confirm the 
original view of Hammarsten.  As shown in Protocol i, it was possible 
to recover the calcium quantitatively from a thrombin solution with- 
out affecting its coagulating activity.  Even if we allow a 5 per cent 
error in the determination of calcium, it follows that 10 cc. of the ox- 
alated thrombin contained less than 0.1 rag. Ca.  Yet 10 cc. of such a 
thrombin solution clotted 2000 cc. of a 0.9 per cent fibrinogen solution 
to form 16.3 gin. of dry fibrin.  The maximum ratio of Ca to protein 
in this fibrin was 1 : 160,000;  and unless we assume a molecular weight 
for fibrinogen of the order of 1,000,000,  or unless we make the unlikely 
assumption that 1 molecule of calcium combines with 50 or i00 mole- 
cules of fibrinogen, this excludes stoichiometric combination of calcium 
with fibrinogen as an essential preliminary to the coagulation of blood. 
If thrombin is a  calcium compound, a  matter which is still open to 
question, thrombin and fibrinogen do not react stoichiometrically. 
The Present Status  of the Problem  As to the Nature of the Thrombin- 
Fibrinogen  Reaction 
As in the case of prothrombin, the chemical nature of thrombin is 
entirely unknown.  As already indicated, it can be prepared calcium- 
free, within the limits of experimental error; but this fails to exclude 
the possibility that it is a  calcium compound.  Whether  the platelet 
factor is an intrinsic part of thrombin, or whether it merely catalyzes 
its formation, is also an open question (cf. page 544 of the preceding 
article). 
The nature of the reaction between thrombin and fibrinogen is un- 
known.  OriginaUy the process was believed to be enzymatic; but most 
of the workers in  the field are now inclined to view it as  a  simple 
stoichiometric combination between the two reactants.  We do not 
believe  that  the  available  evidence,  summarized  in  the  following 
paragraphs,  justifies  any  definite  conclusion  between  these  two 
theories; but the weight of evidence does seem to favor the enzymatic 
theory.  The pertinent experimental data are as follows: 
1.  A  given thrombin preparation may, under favorable conditions, 
coagulate 1000 times its own dry weight of fibrin.  For example, 10 cc. 
of a horse thrombin solution (technique of Eagle, page 534) containing 
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containing  1.52 per cent fibrinogen.  The supernatant fluid expressed 
from the clot contained 0.15 per cent protein.  Even if we correct for 
the possibility that  all  the thrombin  protein is adsorbed in the clot 
this implies that  21 rag.  of a  thrombin preparation  had formed 4100 
rag.  of fibrin.  Remembering  that  these  thrombin  preparations  are 
very crude, the active constituent probably representing only a minute 
proportion of the total protein,  this implies that thrombin can trans- 
form  many  thousand  times  its  own  weight  of fibrinogen  to  fibrin. 
Such a disparity strongly suggests an enzyme reaction. 
2.  It has been claimed as evidence for the  stoichiometric combina- 
tion  of thrombin  with fibrinogen  that  there  is  a  linear  relationship 
between the amount of thrombin used and the amount of fibrin formed 
(Howell (1910), Rettger).  However, as indicated in Protocol 2, and 
Fig. 1, the determination of the quantitative relationships is a very in- 
exact and  misleading  experiment.  With  a  large  excess  of  thrombin 
(right side of figure) the fibrinogen is coagulated almost quantitatively, 
within a few hours, and the amount of fibrln formed depends solely upon 
the  amount  of fibrinogen  used.  As  less  and  less  thrombin  is  used, 
coagulation becomes slower and slower, and equilibrium becomes in- 
creasingly difficult to define.  If the clot is expressed after 24 hours in 
the icebox, the supernatant  fluid often clots afresh, and fibrin may be 
formed continuously for as long as 72 hours.  By this time more than 
75 per cent of the thrombin has deteriorated spontaneously or has been 
adsorbed by the  clot,  invalidating  the  equilibrium  results obtained; 
and with very small amounts of thrombin, coagulation is so slow, and 
the clots formed so tenuous, that the results are devoid of quantitative 
significance.  In the figure this is indicated by the dashed portion of 
the curve.  The quantitative relationships between thrombin, fibrino- 
gen,  and fibrin  therefore offer no clue to the nature  of the reaction. 
Protocol g.  The Quantitative Relationships between Thrombin and Fibrinogen.-- 
Serially increasing quantities of thrombin were added to each of a series of tubes 
containing a constant  quantity of fibrinogen.  Salt solution was added to all the 
tubes to the same total volume, the tubes were shaken and  placed at 2°C. for 24 
hours.  The clots which formed were carefully expressed with a glass rod, and the 
supernatant  fluid replaced at 2°C.  The secondary clot was again expressed, and 
the supernatant fluid replaced at 2°C. for a 3rd day.  The final supernatant fluids 
were tested  for  N  content  (Nessler reagent,  Koch-McMeekin method).  The HAm~Y EhGLE  551 
difference between the N originally present in the fibrinogen solution and that in 
the final supernatant fluid gives the amount of fibrin N in the clot.  The maximum 
error introduced by disregarding the thrombin N amounts to less than 10 per cent. 
A typical experiment is summarized in Fig. 1. 
3.  One of the distinguishing features of enzyme reactions is that the 
enzyme itself may not be significantly destroyed during the reaction 
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which it accelerates.  Using a  quantitative method of measuring free 
thrombin (Eagle, page 535), we find that when thrombin and fibrinogen 
are  mixed, there is no  decrease in  the  free thrombin  concentration 
until the very moment of coagulation, when a  large proportion sud- 
denly disappears from the fluid, presumably having been taken up into 
the clot (Fig. 2).  Klinke observing the process of coagulation nephelo- 
metrically obtained an exactly similar type of curve upon plotting the 552  BLOOD  COAGULATION.  II 
degree o[ turbidity against time, which suggests that the disappearance 
of thrombin parallels the appearance of visible fibrils.  It is to be noted 
that the amount of thrombin which disappears is many times greater 
than the minimal quantity necessary to  coagulate fibrinogen.  The 
long latent period, the speed with which the disappearance of thrombin 
proceeds  once it  begins,  and the  amounts involved are  difficult to 
reconcile  with  either  the  theory  of  simple  combination  between 
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FIG.  2.  Showing that  the  disappearance in  a  thrombin-fibrinogen mixture 
coincides with  the  beginning of  coaguhttion.  Arrows in  the  figure indicate 
beginning gelation. 
thrombin  and  fibrinogen  or  the  theory  of  enzyme  action.  The 
thrombin may perhaps be carried down mechanically with the clot. 
4.  Tsunoo has clearly demonstrated that the kinetics of the fibrino- 
gen-thrombin  reaction  follow  no  simple  equation  such  as  that  of 
bimolecular reaction, and offer no clue to the nature of the reaction. 
As he points out, and as we have been able to confirm, none of the 
various "formulas" (Fuld) correlating the coagulation time with some ~Y  EAGLE  553 
exponential of the thrombin or fibrinogen concentration holds through- 
out the entire range of concentrations, and none offers any clue to the 
nature of the reaction. 
5.  Fuld claimed that thrombin and fibrinogen were species-specific, 
that is, that a thrombin derived from a given type of plasma would 
clot the fibrinogen derived from that same species either exclusively or 
preferentially.  In our hands, however, rabbit,  human, dog, guinea 
pig, or duck thrombin will clot any of these fibrinogens or plasmas; 
and the velocity of this  coagulation offered no evidence of species 
preference. 
SU~g.KY 
Although calcium is essential for the formation of thrombin, it can 
be  recovered  quantitatively  from  formed  horse  thrombin  without 
affecting  its  coagulating  activity.  Citrate  also  has  no  significant 
effect.  As stated in the text, this does not exclude the possibility that 
thrombin is actually a calcium compound present in minute concen- 
tration; but confirming the results of Hammarsten, it does show that 
fibrin cannot be a calcium-protein compound unless one assumes molec- 
ular weights for fibrinogen greater than 1,000,000. 
,although the available experimental data concerning the properties 
of thrombin, the kinetics of its reaction with fibrinogen, and the quan- 
titative relationships between the two do not allow a definite decision 
as to whether thrombin is an enzyme analogous to rennin, or whether 
it combines with fibrinogen to form an insoluble  compound, fibrin, 
the weight of evidence does favor the enzyme theory.  A given quan- 
tity of thrombin can form at least 200 times its weight of fbrin, and 
in view of the crudeness of the preparation this ratio is probably many 
times  greater.  There  is  no  apparent  stoichiometric  relationship 
between thrombin and fibrinogen, and thrombin does not disappear 
from a mi:tture of the two until the moment of coagulation; the quan- 
tity which then disappears is many times the minimal quantity neces- 
sary to form the amount of fibrin produced. 
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